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Growth. Water. and Radiation 
Tyycs 01 Eovlronrnent 
. - 
IJLII Ilc would huvr rrll lclrcd us lor nrakltlg uul 118wlrlb 
cw l r r l rand  lurdol~igloo ll l l lc l o  brklgc I I r g a p  k l w r r o i  D'I Matter Md Water 
I I r s r w ~ r u ' l ~ a l  ac;rhltlcl~rrdlctlut~rwcnwkclru~~~ uilrlrls 
For hb1I1 I y l~cs  u l r~ tv l ru~nn~ur~ l .  l l ~u rc  Is subsl;unll;~l 
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Tabk I. \'.)urr ordry m a r r / r a c r  n t L  q and o1normaIi.d ratlo qD lor par t  mlllrl and groundntbl lrhml ~ ~ l g h l s  only1 
S l d l n g  I h w l  
Sllc dry wlkl q D qD SOLI~<C 
Mg/ha I/kR kre BIU wn 
ICRISAT, lndta 
dry staron orrarlonal 
lmgatton 
d n  xamn un6mgstcd 
2 4 3 H /\lam All rt al 
119881 
2 I 4 2 Matlhcrr r l  a1 
1198lll 
ate cllmatrr, bu l  predomlnmlly \VLand occaslanally EL 
lor mcasurcments I n  troptcal cllmatcs. =\.en durlng 
ran?  rcasons Valucs o lc  lor smcral Icgumrs are about 
half those lor C, ccrcals I n  rlmllar cnvlronments and a 
number o i  laclorr may contrlbutc to th l r  dll lcrmcc: 
smaller maxlmum rates ofphotosynlhrsls. cnrrgv spent 
I n  Nlrogrn Rxatlon. and the rclallvcly hlgh mere  
contcnt of ollrccdr and pulses. 
A New Climatic Index 
I ham rmlcred c\ldenre ruggcrung Ihal  several 
major crop speclcsproducc dr). matler a l  a rate whlch Is 
propanlond to thc amount o l  walcr the). Iransplre. 
normallzcd by Ihc mcan saturation dcncll o l thc almos- 
phcrc they grow In: and that d l y  matter Is also propar- 
tlonal lo radlalion . though I n  many dv land  rrglons thls 
rclatlon must d r w d  lo  a large cxtcnt on l h r  supply u l  
watcr and nulrientr. Thc conrcrvallsm olboth c and qD 
lrnpller lhnl  J  = c/qD ln lm normallzcd walcr per hlJ/mll 
should also be ronrcn~al l r r .  
lnspct lon ofTablas 2 and 3 suggcsts that J  Is about 
0.17 (1.5191 m m  01 normallzrd watcr per hkllm'lor C, 
cereals common I n  d w l m d  aerlcullurc and lhal  lur 
m c n l  lcgumrs uidcl\. eroun I n  I h r  lroplrs and sub- 
troplcs. j isaboot 0 1610.65/41. I n  thcrcsl  ofthls p a p r .  
Forgroundnut lAracheItypcgoeol.j appcwstu beabout 
0 1 10 4/41, a ronsrqucnce 01 thc rclatlvrly small saluc 
fore, but would beeloser lo0.2 l l thc hlchenerrvrontcnt 
.- . 
uf krnncl* urrr allovrd lor Fur tcmpr rd r  rcrrds 1-0 4 
brt dusrqD trrcn. r n l d l  Thr phy\~oloc~# ;XI and mmlrnll 
mcntal rcasons for thls spread ofvalurs n ~ r d t s  lu r lh r r  
lnvrrllp,allm, but thc cnlrcmrs can bc used when they 
arc nrcdcd rather than J = 0.2. 
Whcn the value o l l  lor a sDrclcr Is knaun. It should 
, . 
br posslblr to r r l lma l r  lttc potcot1.l r d r  ollransp.ra. 
lmn  IEl from a crop a1 any \lag? ofdrrclopt!~cnl rom the 
fraruon f of lrar8drnl %jar radlauon ~ n l r r r r l ~ t r d  by lldc 
canopy and I h r  product olsolw rildlatlon and D lnot lo  
thc sum o l a  radlallan tcmt and ao arrudynamlc term 
orooortlonal l o  D as In Ihc Pcnmvn lormulal. The . . 
approprialc relation Is found by wrlunp thc rate o l  
accumulallon 01 biomass pcr "nil ground arca ICI as 
lrom whlrh 
E - I J S U  
I n  thle equauon. thc product J S D rrprcbrntlng the 
atmosphcrlc demand lor waler can h ln lcrprr l rd as s 
dr l \ lng furrc D mulllpllcd b?. a slomalal rundurtanrc 
prrlporllonal to jS Thc tcrnl J lnrorporalcs proressrh of 
Maue W and ntld-!V USA 95e0.3  Tanner and Sbclalr 119831 
la m y s 1  
Sorghum ICRISAT. lndls 8 3 Van E v m  tcas~munlnccdl 
I%,#""" bvolarl 
Soybcm b r a s .  USA 4 0 Tanner alld Slnclnlr llY831 
IGlgcuu mar4 
Polalw Wis~onsln. LISA 
15olnnm l&roruml Holland 
\1.1lsn and Jamlcsoo 119841 
Day el "I. (lY871 
Tannrr and Slnrlalr 119831 
Tanncr and Slnrldr 119831 
radiauon. carbon dloxidc. and waler rapor ckchangc 
and I drocndr on l h r  h l r t o n ~  o l  lollaec cxoanslon as 
.. . 
dclcrnblnrd by thr crnlronmcnlbl cultlrol olp!oull! and 
drve~opnncnl ln~tpltctl lhbs s#vnple I I I I C ~ ~ ~ C ~ ~ ~ ~ U I I  UI \
lhc asrumptlon that follagc and alr tempcralurc arc 
cqualsolhalDlsalollagc - alrvapor pressurr dlllcrcncc 
I t  IS m s l b l ~  lo lakc account o l  diurnal chanucs I n  the 
d ~ l l r r e n r c k l w r c n  lollagr and abr lr!nprralurc bv appcrl 
l u  Ih r  Pcnmal~ Monlr l lh rquallun IMo~ltr t l l? I'JXHI 
I l lhe ralc ollransplrallon r tan rd  to depart lront thc 
polcnUal ralc early I n  lhc Ilk or a crop k c a u r c  o l  an 
Inclplenl shorlagc o l  waler. slowlng or leal cxpanslon 
would h r lo  lo  slablllle lhc balance br lwern ruoolv and 
demand alrcady d c r r l k d  I n  dryland lamiig:sup 
ply and demand am rarely balanced Durlng x c l  rpcllr 
lhcralcolvansplraUon1sslowrr lhan lhcralc olralnlall 
and Is lhcrclorc llrnltcd bv al.sllablc cncrev. Durlne 
InlcrvCNngdry spells. Ihc supply 01 walcr [rum Ih r  ruul 
$.).slrm may or may no1 k ablc Lo suas ln  lhc demand 
l rnpovd by radaauon Idc~crmlnusg Ih r  r f l r r t ~ % r  slunlai4 
mnductanccolUlcrano~Jand by salurauan dclirl l To 
d u l d c  rhc thc r  the cllrnatlc rn%lronrncnt should be 
regarded a6 EL or WL. thr  approprlalc value ulJ ran  be 
compared with the smounl o l  n1nl.U r r rnscd I n  r 
swc ln r  llme. normallrcd bv lhc  mean rdlurallon drncll 
all Incldcnl radlatlon Is Inlcrcrplcd by lullage. Then lor 
any pcrlod I n  which)' >) .crops havcmorc raln lhan lhry 
nrrd lo mecl thc polcnll.+I drmand scl by radlallan . an 
EL cn\lronrncnl. WhcnY <). raler ollransplrallon and 
orgrowth arc bolh llmlled by lhc supply olwalcr - a WL 
m ~ l r a n m m t .  Flcurc 1 shows normallrcd ralniall  lotl led 
spdan\l radbalton lor 2 nlonlhs at an ~nldjilna* ,tauon 
Thr wlod lone Illrough Ihconglndrfincsd runsun1 ,slur 
lor  that Umeand d n ~ d r d  b? th r  wlar ~J~~JIIOII rccr!$cd O O - ~ L U I ~ ~  r a l d d l  and rmdlatlon s t  l 11.Uon Ln 1 
Thlr  cllrmlologlral quanllly u i l l  k r r l r n r d  lo  as )' month.. M' I s  cxccs# ra te r .  88' 1, erere# 
For Ihe tlrnc bang. ur shall ilssurnr lhs l  ram l ~ l i ~ n p  rmdhtlon, M d  BB- I #  I r r l l s t l on  used. NI I b e  
on a crop on a panlcular d+ Is a~al lablc lor iransplra represents p o t c n t l d  value o f  J lad dnshcd Ilnc Is 
Uon Ihal  day. but that nonc Isslored i n  I h r  soil and th r l  posslblt a c t u d  r d u e  (see text). 
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Tabk 3 Yaol  dry mrltcr pcr unn of tnlcrrrplrd ItoW-I solar rndlallon r 
C ~ P  sltc c Source 
Uarrr USA 
Sorghum ICHISAT lndla 
(Sqhurn brolorl 
Chlrkpca 1C'KIS.T India 
lC-,r onrlrnuml 
ICAKDA s!nd 
Trmprslc ccrcalr. lrgumrs UK 
and mot rmpr 
'\Vhcrc nccrsrq,  ri lucs o l e  quolrd lor phalosynlhcllrsll~ a< ~ l l r  radlallorl rrrr r~~mrr l r t t  to $8 !old1 rildlallor~  PSIS by 
multlpl!?n# by Ulr raUo 01 PAR la told cncro aassunlrd lo bc U 5 
ol) Polnt Arcpresmtr a month I n  whlrh J' 1s larpcr than t l l r u u ~ h  tl Valursofr a l r c ~ d y  rrr . l r~ 'ed supgrst that 
J 1mpl)lng that thc amounl o l  waur  rrrclved from raln thls 1s a rumlllurl rrsponsr. 
cxrerds the amount that rould be transplrcd by a rrop 13110 tncicasr llrc raluc o l  q, c.g., by rlrrrcaslnp the 
-fully rovcrlng the ground: I c.. by rhr po ten t ld  Iran- rilcan Intcrccllular l onreotratlun o i  CO,. Thls rc- 
~ ~ I r a U o n  l r  the month. Thcn cxccss walcr r rurrscnlrd S D O ~ S C  to drouchl has been rcoortrd i n  some labo- 
by I h r  llnc AA uuuld hasf lo  bc  lo,^ by prrcolalwn ur br raton. \ l~cl !c\  U J I  &a . l rwi .~. t~rd #lta,pcs o l q  arc 
runol l  m e  rolc of evaparatlon from thr soH $urlacr 1s usually small and unsyslrnldllc lllr oplbon sccntr 
a o r u m d  ncgllglblc hcrc but Is dlsrusscd 1alcr.l From 
the coordlnalcs o l K  I t  Is posslblc to calculate potential 
(ranrplraUon lor thc month and the rorrcspondlnp. 
producuon oldry matlrr. 
Polnt B rcprcsenls a month I n  whlch)' Is less than 
J. To r u n i r e  I n  lh l r  cnrironmcnl. a rrop would h a w  the 
lollouing thrcr optlons. 
I I lTo l o w  radlauon lequlralenl l o  the loss o l  water I n  
the proloua cascl clrhcr by the adapllvc d r \ l r r  of 
r r s v l c l l n g l r a l a r p ~ s l o n  carllcrm thc scasan. orby 
thc ma.cmcn1 or mlllnp or shcddlng of Icavcs I n  
r r d u n  mlrrcrpllon. TIw loss olradlallan nrcdrd 15 
#\-en by the llnc BE and thc cwrdlnalcs of B' 
rpcclfy corrcspondlng amounlsol*ctud transplra- 
(Ion and mmlh. 
121To rcducc by lhc process olslornalal closure. A llnc 
u l l h  a smallcr raluc o lJ  Idashedl rould lhcn pass 
1~55 plau~lblc lhan Ill or 12). 
Thc dryland lamer  has two murc opUons: 
( I l loapply trr(gouon~orrcspond1111: tolhelnormallzedl 
alnounl BH-. - - -  
12110 lhltl stands so lhnl  Ir\s radlallun IS tnterrcpted 
per ttrtll ground arra and lhrrr lvrr  pcr unll of raln 
[but not per plant1 Although thls drsstlc prwcdurc 
Is sartrtlntcs prartlrcd by farmers I n  lh r  send-Md 
lroplrs, rurrrrs ob~iously depends on rare sklll I n  
arsrsslnf rcsrncs uf waler i n  Ihc sol1 as well as 
brrrasl lnn ralnhl l  br l l lc  real d l h r  rrilsorr. 
Ma~lng lou  r ra l  d n  land cllntotc Flpurc 2a dlsplays 
monthly ta lurs of norn~al l r rd raln and radiation at 
Hyderabad. Indla, u.hrrr rain lalls dorlnp Ihc monsoon 
bcwccn nlld.Junc and early Orlubrr m d  i n  occasional 
hca\-y stornn oulstdr lh ls prr l r r l  I n  thr  3 monthrduly 
lo  Srplcmkr. ] '  . j In~ply ln~! l l ~ n t  r a < l l ~ t l o ~ l  1s Ih r  lartor 
I.l L 5 g 0  nmat~om~n I M J ~ ~ ~ I  q-1 
Pigwt 2. Monthly Y ~ U C D  of normdzcd rl lnlrl l  
plotted yllnst ndlmtlon rlth rcht lon J - 0.2 mm 
per MJ/m'lbold h e ] .  
. EL months d t h  month number IJ' > J) 
WL month. < J) 
1.1 Hydenbd  m) Jodbpur Icl Amuwo [dl Nllrobl 
[el K d  Lvmpw 1D.t lor mtatlonl crccpt 
H7dLnb.d from Mueller. 18821. 
llmltlngthc grov'lh ofcrops thrnughout the monsoon In 
an avcragc ycar. W n  Is thc IlmlUng laclor in all other 
months 
Flcurc 2b Is thc rorrcswndlnc ~ l a t  for Jodh~ur  In 
. ... 
the I(aja$lhan dcwn whcrc rnanwn raln Is  on avcragr 
I w  lllllr 10 bring any monthly polnl abmc thr lnnr mlr 
dtslrlbuuon could br taken as Ihr crilcrion 01 an and 
dlmalc On 011s basls. Amarillo. loo. Is arld Wg. 2cI. but 
bcraux winter tcmpcraturcs arc much lcsr than In 
Jodhpur and bccausc Ii-rlgatlon Is avallablc. a rom- 
plclcly dllfcrcnt type of agrlcullurr is possible. 
Flgurc 2d lllusiralcs the bl-modal disVlbullon 01 
rainfall at Nalrobl. almost on thc equalor. On average. 
ralnlall cxccrds the rmulrcmcnts of cereal croos. c.e.. 
maUclLpanvrysllrom N'm~cmbrr l o ~ a n u a ~ a n d t n ~ $ l  
and Ma" For rontrarr neurr Zc shows Ihr record lor a 
staUon In lhc humld iroplcs IKuala Lumpurl. whcrr all 
rnonthsarr above It)? Itnr and during Lhr ?car rddlallon 
Is much less variablr than ralnlall. In slmplc trrnls. 
thcrr Is ncrrr enough radlallun lo gel nd althc raln. Dry 
rnatlcr pruduclion Is rvrcly Ilml~cd by walcr supply. but 
lrachlng and eroslon arc potrnllal apricullural prub- 
le1ns. 
Thls slrnplr t l ln~al lr  analysls dms not lakr us very 
lar bul the lac1 lhal lhr dlslrlbullon olpolnlr aIx,<,c and 
brloa lhr llnr Is ronslslcnl wllh known pstlcrns olcmp 
produtllon at lhcstallons chosen lor Illuslrauon land ;$I 
others not shown) sug$csls that the value 010.2 mm per 
MJ/m2choscn for] Is uldcly appllrablc. It rerlalnly has 
a sounder basis lhan lhc raUo of ralnlall to polcnual 
lransplrauon lolten used lo dcnnc thc lcnglh oferoulnK 
season at a slalionl bccausc It cornblncs the slatc olthr 
atmosphcrc ulth rssentlal phys lo lo~.  
As a rlcp lou.ard rclallnp crop pralurtlon to rll. 
males. the maln llmltatlon o l  Flpurr 2 Is: 
IIInoacroulllIs 1akcnolthcu.ay In whlrt~ralcrran bc 
stored In the roll lor latcr uplakc by roots: 
12lct-aporallon lrom lhc sol1 surlare Is Ignored nl. 
lhough It Is usually a major lcrm In thc nvslrr 
hlancc when ground c a w  is Inron,plctc: 
131th~ dtslributlan of rainfall ul lhln months Is nrrl 
accounted for Iln ellrcl. both n l n  and r;xdlatlon .*rr 
assumed to bc uniformly dlstrlbu~cd ovcr r.t<l~ 
n,onlh): 
I4lthc phcnolog? of crops. as deltrmtnrd by trmprra. 
lure and daylrngth. for example. Is dlsrrgardrd 
Wc shall now rxolorr wars ~n whlch !he clcmcntaw 
. , 
rllmallc analysls rcprcsrntcd by Flgure 2 mn hc rh -  
lended lo lnrludc all lour points In  lhis Ilrt 
Monthly Water Budget 
Thc n c n  slcp an thr stalrrase lradlng lo a prartlcal 
crop model Is to csllmale monlhlv hudzc t~  for tvarcr. 
, .. 
assumlr!ga\alur lor thr rnmmtom anlounl ala.?lrr rnrld 
In  Ih r  w l l  pronlc and arrrswt lc to r w t r  This tvpr of 
malg<lr usuallv ronlr$rls ltlc tn!pll<ll ar<d!!lpllurl tt1.11 
'arailablc water- Is constant throuphaul the growing 
season whcrran. I n  rrallty. 11 Increases as r m ~ s  penr- 
Valc damwardr.  
Far Illuslrauon. alld as the bnsls lor Ih r  presmla- 
tlon of d.Lh n.alcr budgets ahlch ulll lollow. I chose 
records lor three contrarttngycars at ICRlSAT Ccnlcr I n  
Ihc duadc 1978-87. the r r l l c s t  vrar 119781. l h r  drlrsl 
119851. and a sca5on In  r h l c h  ralnfall and mpora t lon  
remalncd roughly In  balanrc Ihroughaal 119821. 
I assumrd lhal  crop growlh b c p n  on an arbllrary 
dale, conrrnlcnclychosen asJunc I Iln pracurc. soulng 
Is usually a rouplc of wrckr later than lhlr l  and lhat It 
contlnucd In  each month lhal  raln lcll or until stored 
walcr was exhausted 
Flcurc 3 rhou'r rumulallve normallred ramfall 1ht11 
Ilnrs. upper pan o l  n ~ ~ r r l  p lol l rd as a lunrllon o l  
PLgurc 3. Accumulated monthly values of normal. 
I z r d  r d n f l l l  m d  radlallon .I Hydcrabad 1 m r . a ~  for 
1878/87) lfull line). Croascs repremen1 m u l m w  
10.8 of r a t e r  b y  t ranspht lon  i s  LLmlled b y  m t r r  
or energy. SOU water dcl lc l l  and r a t e r  loss as 
runoff cut. or as d d n q c  cut > .horn below 
radlntlon u i a  (see text). 1.1 1878 Ib) 1985 (c) 1983. 
",.%... - m m  ", d, 
m /0_ I_ m 
I 
dcnrll assumrd lo haw a marimumralucol250mn1 for 
a d r rp  Vrrllsol Thr halrhrd area at the boltom 01 the 
graph lhcrclorr rrprrscnts the estlmatc olu.atcr slorrd 
In  lhc pronlc and the stlpplrd arcu, u,hcrc It appears. Is 
water lost by runallor by prrrohtlon. (In thlr of 
analysls. It Is nrrcsrarytomakcthcunrcallsllcassump~ 
tlon that l h r r r  components arc rcro untll thr sol1 Is ;at 
field vapaclty I I n  a wet year 11978. Fig. 3al. thr 8r.atrr 
rqulvdcnt daccumulatrd dr). matlrr as dctcrmlncd by 
radlaUon I+ on graph1 Is always less than thr rorrr-  
spnd lng  arcumulatcd ralnfall Thc rxrcss Is aorcd In  
thc vlll laasumcd lo  hold no walrr on Jan I1 ur IS lost. 
as ~n Augua. Bccauscn.aporar!on ~,rorrrdsthrouplioul 
at a p tcn t la l  ratc, palnu rcprrbcnunp rumulali\c 
monthly lolals Ilr on a hnr r t i lh slope J. 
In  a dry ?car 11985 Ftc. 3bl. the analyzls wcgrslr  
that a llmllrd amount olwatrr  wa> sor rd  In Julv i t ~ l d  
Aupua, but lor thr rcst 01 t11r \.par. poinls 1.111 o o  thr 
l w u r  olarrun~ulalcd ratnlall shvui~>q 1h.1 dn. mdl l rr  
arrumulaUan was Itmltrd b> walrr. not ltqlat In  .hn 
Intrrmrdlateyrar 11982. Flq Orl, us l r r  Is slorrd In tlw 
pronlc lrom June to O r t o k r  and thrrr  !z jusl  muuCh 
rain to prcvcm the water supply lrorn hrnlttnc gro!v~h 111 
anu month untll Dccrmbcr 
Daily Water Budgets 
I n  the analyslsallhr last srrtlon. thr snlount oldn. 
matter produrrd ovcr a pcrlod 016 months ranpd frulll 
39 Mglha i n  1985 lo 60 hlplha In  1978 Tllcsc nyurrs 
arc largcr by a b n o r  of about 5 than Ihr blornnss 
produrcd by crops al sorghun, ISorgllum blcolor IL.1 
Mocnch] lrar CSH 51 g r o w  from 198 1 to I987 on a dccp 
Vcnlsol at ICRISAT. To remove this dlsrrroant'r I csti- 
. . 
nlatrdlhc IcnglhafrnaJor Cro~$lh slaprs lrommranddly 
Irmpcraturc. and Invodurrd rraporatlon Irom Ihr sol1 
surface uslng an algarlllim plrcn In thr AppmdL~ 
Thc wars 1978. 1982. and 1985 wcrc rhascn seam 
not normallred rvaterlu,th a maumumvalucol250nlnt 
and a rnlnlmum value o l  Lcro rorrcspondlng lo licld 
rapacity. Ibc horizontal rwrdlnalc Is arrumulalcd 
radlatlon as brlorr. On an? day when Ihc ralnlall cx- 
ccrds the dclirlt. thr walrr that is -luslM by runnll or 
prrrolatlon Is shown below Ihr ahis On an\' dai. uhcn 
Ihr ara~lablr\villcr Is zcrt,. trsnsnlrafton and em\r.lh rlrr 
xssumrd lo  br zcru 50 lhal  radb;bllon Is -10~1 ' I<radbn(: 
from Icft lo  rlghl. r rn l ra l  a\cs rrprrsrnt tl lr rlrlglll fur 
radlauon. the amount 01 radiation arrurnulalrd up la 
Ihcdatcolsa\~ingandamuunl~arr.u~n~~lalrd lothrrnds 
olgrouzh Slages 1. 2. and 3 IrorrrrpondlnC lo  paNrlc 
Inltlatlon. anthesls and malurltyl Thc Inltlal walcr 
conlcnt was oblalnrd from an indrpcndcnl waltr bai- 
ancc study. 
I n  Ih r  w r l  season or I978 (Fig 4al. Ihc profllc u.aS 
nrorc lhan ha l l  lu l l  n l  Ihc kp lnn lng  of the nlonswn 
xawrn and r c m n r d  close lo  ncld caoaclty untll har. 
. . 
rrsl .  Very h e a y  rain I n  GS 3 was lollowed by thc loss 01 
more than 300 mrn olwalrr. X'rt rundillons at hamrst 
and wrmeleachlngolnul~cntsrarltrr In  thcacason may 
both hare k e n  rcrponblblr lor Ihr poor >iclds olrcrrals 
uldesprcad In  this scaron. 
I n  romplr l r  rontrasl. Ihc ma lumn 01 1985 was so 
la l r  I n  arrhlng ihal  lhc d a a  o l  smonC drtardlng lo  thr 
cfilrfionur*d~ppcndL\lwosJu!\-.(.~bou13n.rckslilcr 
lhan usual.Thrprolilr wasnwrr marc Ihan halllull and 
l l l l lc  walrr was ara~lablc lo  lht  r rop III GS 3 lFlg 4bl 
H,derab.d cetlmmted lor a moll a l l h  aalcr holdlng 
cmp.elly 01 250 mrn Deldlo of htcrprel.llon I n  
im. 1.1 1978 (bt 198s ICI 19.33 
In  1982. thc pronlr again was ncvcr nmre tlmn hal l  
lull, bu l  Lhcdlstrlbuuon olraln was such that thrrrwas 
a blcadv drcllnc In arallablc walrr from about 130 rntn 
r a r l t . l n G ~  I lo rcro lust bcfore the end olGS 3 lFlc 4rl. 
T h r ~ r u r r r s n r r a l ~ n o d s  whm Ihr lnput olwntrr Iron, 
ralnalmost rmrt ,s bdlanrrd Ihroull,ul b$ r\.lp rJltc#n 
Otcr Ihr uhulr drt,dr 11978/171 .I>< nl<ndrl ~prt 
dlr t rd that walcr \vould br hrrl by nrnollor pcrroial~uvi 
dufingIhrgrm\ingscdsurl lnonly3yrarr whrrrahrunoll 
wrs rcrordrd In 7 years Thr rsllrni$lrd luss 01 watrr Ilr. 
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Figure 5. Blomam. of sorghum u cstlmated born 
model [ A p p n d k l  m d  .I measwed .I ICRlSAT 
Center. 1081.87. P a h t r  for 1983 m d  1085 
runolland p r ro la l lon  was 514 n!nl whrrraa 600 r!lr!l o l  
runollwas recordrd. lnspcrllon oldally rneasurmmrnts 
showcd that thr  modcl urrrrstlmelrd thcamounl olrain 
that could bc storrd r h c n  thr lop p.an oi lhe prolllr uas  
al ncld capacity and l h r  lawrr part was less a r t .  
Thcrcwcrr only lwosrasons - 1982and 1985 -when 
radlatlon war lost I n  thc s c n x  that sunllcht was lntcr. 
r rp t rd  by a stand uho5r ualcr w p p h  u.as rk l tat~blrd 
Thl, lmpllrs that ralnLII at Ihc w r  u;ts'.~r<urcd. on Ih r  
sense lhat u w c r  apprars lo have been ;~vallablr In thr  
pronlc throughout the grotvlne scasan lor 8 y a r s  In 10 
Amorr romplrs s t o q  rmcrgrswhrn rncasurm8rnls 
01 sorghum blomass a r r  comparrd u i t h  esllmatrs iram 
Ihcmodcl IFlp. 51 I n  5o f th ry ra is -  thosculth mwlntum 
blomass Droductlun - acrrcrnml I5 rxcr l l rn l .  Urn nlr t t r r  
dctcrmlnrd by niran temprialure and daylrngth. l a  
1985 - lhc r e g  d q  ?car - production Is o\~rrrstlmalrd 
shouing lhal  Ih r  slmplr model docs nut handlr thr 
r l l rcts o l  drought prop+!., probably txrausr roo15 
cannot cxplorr Ih r  ufholr profile ivhrn p u l h  1s Inhlb- 
l l r d  by drouyht early I n  Ih r  scasun. The dlscrrpanry In 
1983 mar be a ronsruucnrr 01 an anamnlous rainlull 
pal l r rn I b r  srd*o!l was d ~ ) .  ln!l!dlly ball h f i l w  rdtn 111 
Ih r  Ih l l r r  pan o lCS 2 ;srtcl 1r1 CS 3 W lo p n t l r ~ ~ l s  ul 
hmrsung .  
Even lnrludtne 1983. lh r  slandard dn'lauon o l  
\\hm I h r  1983 raluc Is crrludrtl. the d r r ln t lo~ l  Is anl? 
*5"u  
To surnntanrr. thr  sucrrssknl prrdl t l lon o l  ylcld It1 
vedra uhlch srr nu1 rstrmmc sho\va l hv l  t t e  ratll;lllun 
io rnwnrn l  o l  the mudel wurkrd well. Fallurr o l  I h r  
model I n  vet?. dr? or v? u r l  ?car$ idmtll lcs prwrswa 
%vhk h ncrd l o b  I.tkcn in lo a<courtl I n  order lo aw md 
Ihc nrxls lcoal Ihr  stalrcasr: Ih ra l laa l lano ldn~maur t  
lo roots and shwls  musl  bc dralt with r ~ p l l r l l l y  ao Ihal 
Ihruplakrol~~atcrandnulnr~tlsby ntolhrnn bc lrrslcd 
I n  lhc some dclatl as the inlrrcrpllon oI1,~hl by Iravrs. 
Ih r  rouplinp o i  nulr imr and watcr budpcts I n  l l l r  sol1 
nlust be addrrssrd, and a subnlodrl lor nhnr~l l  and 
prrcolatlon musl  b r  Inrorpornlrd 
Conclusion 
Thc srhrmc drscribrd I n  11~1s paper lor rclallnprrop 
produruon rind tranaplr.~llon I(>rllntalr Inkcs .~ r roun lo l  
major r l k r l s  o l  s01.t~ radlat~on, ralnlall and ralurauon 
drlirll.Trmprn~tu~rdr~rm~lnrsIl~rlrnglI~oiphrnolr~~l. 
c . ~ l ~ l n g r s  and 11s 1nIl~tn11.r <,I, c. usuelly small, rould br 
rradll! allobstd Irtr 1111 wrrr ~>rc.drd. No account Is lakcn 
01 u ivd  . am uddlllonnl lifir.lur drlrrntlnlng canopy sur. 
ktrc Icrnprralurr and rrapor.~llon ralr  \vhh.h would br 
ncrdrd l l t l ~ e  I h r  Lmr ranopylsir vapor pressure dr l l r l l  
w r r  la be used I n  place o l  U. 
Drspllr thrsr  Ilnlltatlons. I h r  s r h r ! ~ ~ e  provldcs a 
lo~l<.tl l ink bclwrcn rllmalolo&~ and crop physlolopv. 
C O U D ~ I ~ ~ C  d m  n l d t l ~ r  urodurllon and Iransolrallon In a 
algorlthnls to drbrrlbr fluxcr 01 wrhon dluwdc and 
water vauor. 
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Appendix 
h lode l  Jor d a i l y  w a l e r  budge l  
Thc maln  assumptions used l o  ronsl rur t  Figure 4 
urcrr basrd o n  obscn.atlons or sorghum RroMh at ICRI- 
SAT and arc a5 lollows. 
I l l sou lng  was assumrd w l lmrvc r  I h r  rainfall alter 
June 1 accumulal rd ovcr 3 days cxccedcd 25 mm. 
121the l lm lng  o r  succesrlvc growth stages ICS 1.2.31 
was calculated l r om dally mean tcmpcralurc uslng 
aigorlthms l rom Huda 119871: 
13llnlerreplcd radlatlon 10 was assumcd to bc rcro 
dur lng CS I and  0.7 thereaher: 
14llransplraUon was calculalcd l r om lntcrrcptcd ra. 
dlatlon uslng a roemclcnt olO.2 m m  o f  normallzcd 
r a t e r  pcr  MJ/m2; 
15lc~'aporallon f rom the ro l l  was assumed to have a 
l lml t  01 50 m m  In CS 1 and 25 m m  thcrcallcr. The 
rd l r  of c \aporauon d r r r ras rd  e\ponmually u?lh 
l lmr  a l l r r  I he  l a r l  r a n  and the tlnlc con<taot lor Ulc 
prorcss. depcndcnt o n  radlatlon. was about 5 days 
on avcragc. and  
(61a maximum or 1 m m  01 water cvaporalcd dlrcctlr 
from l hc  surface o f  lollage o n  cvcry day wi th r d n  
cxcccdlng 1 mm.  
